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ABSTRACT 
Phosphorus is an essential nutrient among plants and animals, but it is a 
non-renewable resource, and the global commercial phosphate reserves will be 
depleted in 50 100 years. While global phosphorus scarcity is likely to be one of the 
severest problems of the 21st century. Therefore, there are concerns about ensuring 
long-term and stable availability of phosphorus resources from recovery processes in 
the future. So far, there are a number of technologies (chemical precipitation, 
biological phosphorus removal, crystallization, adsorption, etc.) which can be used to 
removal, and recovery of phosphorus from phosphorus contained aqueous solution 
within a sustainable strategy. In order to remove and recover phosphate resource from 
aqueous solutions by adsorption method, we synthesized a novel adsorbent of 
calcined Mg3-Fe layered double hydroxide (LDH), and examined the phosphate 
adsorption performance in synthesized NaH2PO4 solutions. Furthermore, we applied 
this adsorbent to actual anaerobic sludge filtrate to investigate its practical adsorption 
capacity and reusability. 
In chapter 1, the general, objectives and structure of my studies were described. 
In chapter 2, the significance of phosphorus resources and its global scarcity, the 
alternative phosphorus removal technologies were introduced, following with the 
history of layered double hydroxides which included the structure, synthesis, 
characterization, their potential use for removing inorganic contaminants such as 
oxyanions and monoatomic anions from aqueous solutions by the process of 
adsorption and adsorption mechanism. 
In chapter 3, a series of Mg-Fe LDHs after calcination were synthesized by using 
co-precipitation method under low super-saturation conditions. Several factors such as 
Mg/Fe molar ratio, pH, coexisting anions, adsorption kinetics, adsorption isotherm 
and desorption efficiency that affect the phosphate adsorption capacity were discussed 
via batch experiments. It was found that the highest phosphate adsorption capacity 
was obtained with Mg/Fe ratio of 3 and calcined at 573 K, which was in agreement 
with the results of the powder X-ray diffraction (XRD). The appropriate pH value was 
found to be 6.9. The distribution coefficient (Kd) revealed good adsorption selectivity 
of calcined Mg3-Fe LDH for phosphate in a mixed solution with NaCl, NaNO3, and 
Na2SO4. The adsorption kinetics, which was studied using a pseudo-second-order 
model, showed high adsorption capacities of 77.5 mg-P/g in NaH2PO4 solution. The 
adsorption isotherms showed that the phosphate uptake process was better fit with the 
Freundlich model than with the Langmuir model. The adsorbed phosphate can be 
effectively desorbed (73%) by the addition of a 0.1 M NaOH solution. 
As a continuation of batch experiments in previous chapter, we focused on 
evaluating the performance of granular calcined Mg3-Fe LDHs for removing 
phosphate ions in a fixed-bed column using synthesized NaH2PO4 solutions in chapter 
4. The effects of parameters such as bed-height, flow rate, and initial concentration on 
a breakthrough curve were investigated. Widely used column adsorption models were 
applied to validate the experimental data. Furthermore, the adsorption mechanism was 
proposed according to results of model fitting. We also assessed the performance of 
the granule-packed fixed-bed column in removing and recovering phosphate from 
actual anaerobic sludge filtrate. Finally, exhaustion-regeneration cycles were 
employed to investigate the reusability of the adsorbent. It was found that an increase 
in bed height and initial phosphate concentration or a decrease of flow rate improves 
the adsorption capacity. The Bed Depth Service Time (BDST) model was found to 
satisfactorily predict the breakthrough curve up to 60% breakthrough at a 0.024 L/h 
flow rate and 10 mg/L initial phosphate concentration. The Clark model was found to 
be the most suitable for fitting experimental data with respect to various bed heights, 
flow rates, and initial phosphate concentration values, followed by the Thomas and 
Yoon-Nelson models (in decreasing order of suitability). We found the applicability of 
this adsorbent to phosphate recovery from anaerobic sludge filtrate because of its 
good selectivity in a system of coexisting anions, high adsorption capacity, and 
acceptable reusability.   
Chapter 5 makes conclusion and future work of this study. As far as we are aware, 
this calcined Mg3-Fe LDH adsorbent has potential for the application of phosphate 
adsorption from aqueous solution. In addition, several important considerations 
should be taken in the design of LDH adsorption system. 1) The supernatant from the 
anaerobic sludge filtrate contains medium suspended solids, which could foul the ion 
exchanger and cause potential clogging problems. Therefore, an economical 
pretreatment such as dual-media or multi-media filters would be required for a pilot 
application. 2) The further processing of recovered phosphate from 
phosphate-desorbed alkaline solution to useful finalized products such as calcium 
phosphate, hydroxyapatite, or magnesium ammonium phosphate need to be 
investigated, and the proper disposal of the restored desorption solution also needs to 
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Recently, due to the global phosphorus resource scarcity, there are concerns about 
ensuring long-term and stable availability of phosphorus resources from recovery 
processes. Especially, the phosphorus removal from waste streams has been 
extensively studied which can potentially be used within a sustainability strategy. The 
widely applied methods include chemical precipitation, biological phosphorus 
removal, crystallisation and adsorption. Among them, adsorption of phosphorus from 
wastewater is a cost-effective and environment-friendly technology, by which the 
chemical sludge production is small and the adsorbed phosphorus can be easily 
recovered. 
Layered double hydroxides (LDHs) has been paid considerable attention for their 
application in removing negatively charged species through both surface adsorption 
and anion exchange. 
In our research, we synthesized a novel calcined Mg3-Fe LDH adsorbent and 
investigated its phosphate adsorption performance via both batch and continuous 
experiments. Finally, we applied actual anaerobic sludge filtrate, which contained 
high concentration of phosphate as a species of wastewater steam to evaluate the 
feasibility of the adsorbent. 
The aim of this research is to: 
1. Develop a novel Mg-Fe LDH type adsorbent with high phosphate adsorption 
capacity. 
2. Investigate the effects of the Mg/Fe molar ratio, influence of competitive anions, 
adsorption kinetics, phosphate adsorption isotherm, phosphate desorption under 
batch tests in order to understand its mechanisms of adsorption dynamic kinetics 
and adsorption isotherm. 
3. Investigate the effects of parameters such as bed-height, flow rate, and initial 
concentration on a breakthrough curve under continuous fixed-bed column tests 
and applied the widely used column adsorption models to validate the 
experimental data. 
4. Apply Mg-Fe LDH type adsorbent to actual anaerobic sludge filtrate to investigate 
its practical adsorption capacity and reusability.  
Chapter 2 presents a literature reviews on the significance of phosphorus resources, 
the alternative phosphorus removal technologies, and the history of layered double 
hydroxides. 
Chapter 3 and Chapter 4 are the core parts of this thesis. 
In Chapter 3, we describe the synthesizing process of calcined Mg3-Fe LDH 
adsorbent, the flow chart of batch experiments, and investigate several factors which 
affect the phosphate adsorption process. Meanwhile, the mechanisms of adsorption 
dynamic kinetics and adsorption isotherm are also discussed according to 
above-mentioned results. 
Chapter 4 concentrates on the performances of phosphate adsorption process on 
continuous tests by using a fix-bed column. The effects of parameters such as 
bed-height, flow rate, and initial concentration on a breakthrough curve are 
investigated, and several applied the widely used column adsorption models to 
validate the experimental data. 
In the following parts of Chapter 4, i attempt to apply the calcined Mg3-Fe LDH 
adsorbent to actual anaerobic sludge filtrate to investigate its practical adsorption 
capacity and reusability. 
Chapter 5 makes short conclusions for this study. 
The element phosphorus is essential to all life (e.g. plants, animals and bacteria) 
and is a key ingredient in fertilizers to sustain high crop yields. Phosphorus has no 
substitute in food production and in a world of 9 billion people by 2050, securing 
sufficient phosphorus will be critical for future food security. Yet the wor
source of phosphorus, phosphate rock, is non-renewable and becoming increasingly 
scarce and expensive. Peak phosphorus was estimated to occur by 2035, after which 
demand would outstrip supply (Cordell et al, 2009). While the exact timeline might be 
uncertain, there are no alternative sources of phosphorus on the market that could 
replace the current global production of 20 million tonnes (Mt) of P from phosphate 
rock. Recent scientific and popular science articles have explicitly drawn attention to 
the challenges of global phosphorus scarcity (Déry and Anderson, 2007, Rosemarin et 
al, 2009, Vaccari, 2009, Smit et al, 2009), however there is still a lack of policy debate 
and action. 
While global phosphorus scarcity is likely to be one of the greatest challenges of 
the 21st century, it is possible to avert a crisis with concerted action. One reason 
behind such optimism is that the current food production and consumption system is 
highly inefficient with respect to phosphorus use. Indeed, while approximately 19 Mt 
(Heffer and 
Prud'homme, 2009), only a fifth of this phosphorus actually reaches the food 
consumed by the global population (Cordell et al, 2009). Phosphorus is lost 
permanently or temporarily  at all key stages of the food system, from mine to field 
to fork, meaning there are substantial opportunities for improving efficient use and 
reuse. 
Global phosphorus security is directly linked to food security, environmental 
farmers have access to sufficient phosphorus in the short and long term to grow 
enough food to feed a growing world population, while ensuring farmer livelihoods 
and min
single solution to achieving a sustainable phosphorus cycle. A recent global 
phosphorus scenario analysis (Fig. 2-1) indicated that meeting the increasing 
long-term phosphorus demand would likely require demand management measures to 
reduce business-as-usual demand by two-thirds, and the remaining third could be met 
through a high recovery rate of phosphorus from human excreta, manure, food waste 
and mining waste. However achieving such a high recovery and reuse scenario will 
undoubtedly require substantial changes to physical infrastructure, new partnerships 
and strategic policies to guide phosphorus recovery and reuse in an integrated way. 
Fig.  2-1 A sustainable scenario for meeting long-term future phosphorus demand 
through phosphorus use efficiency and recovery. 
The development of technology for phosphorus removal offers the opportunity for 
recycling and phosphorus sustainability. However, there are a number of technologies, 
both established and under development, which can be used to remove phosphorus 
from wastewater and can potentially be used within a sustainability strategy. 
The widespread use of chemical precipitation for phosphorus removal in 
wastewater treatment started in Switzerland during the 1950s, in response to the 
growing problem of eutrophication. This simple technology is now firmly established 
in many countries around the world. Chemical precipitation is in essence a physico
chemical process, comprising the addition of a divalent or trivalent metal salt to 
wastewater, causing precipitation of an insoluble metal phosphate that is settled out by 
sedimentation. The most suitable metals are iron (Sakadevan and Bavor, 1998, Baker 
et al, 1998, Seida and Nakano, 2002) and aluminium (Galarneau and Gehr, 1997, 
Donnert and Salecker, 1999, ), added as chlorides or 
sulphates. Lime (Yi and Lo, 2003) may also be used to precipitate calcium phosphate. 
Anionic polymers may be used to assist solid separation. 
Chemical precipitation is a very flexible approach to phosphorus removal and can 
be applied at several stages during wastewater treatment (Fig. 2-2). Primary 
precipitation is where the chemical is dosed before primary sedimentation and 
phosphorus removed in primary sludge. Secondary (or simultaneous) precipitation is 
where the chemical is dosed directly to the aeration tank of an activated sludge 
process and phosphate removed in secondary sludge. Tertiary treatment is where 
dosing follows secondary treatment and although a high-quality effluent can be 
produced, this approach is not generally favoured because of high chemical costs and 
the creation of an additional, chemical, tertiary sludge. 
Fig.  2-2 The application of chemical precipitation. 
The development of biological phosphorus removal was based on research in the 
late 1950s, which found that, under certain conditions, activated sludge could take up 
phosphorus in considerable excess to that required for normal biomass growth 
(Bowker and Stensel, 1990). Biological phosphorus removal is achieved in the 
activated sludge process by introducing an anaerobic and/or anoxic zone ahead of an 
aerobic stage (Fig. 2-3). In this zone, sufficient readily degradable chemical oxygen 
demand (COD) must be available, typically as volatile fatty acids provided by 
pre-fermenting the sludge using storage or thickeners, or from the addition of acetic 
acid or sodium acetate. In the absence of oxygen and nitrates, bacteria, such as 
Acinetobacter take up the acids and release phosphorus into solution, but in the 
aerobic stage luxury uptake occurs, increasing overall phosphorus removal rates to as 
much as 80 90%. However, removal is variable and, in practice, the achievement of a 
low and consistent effluent standard may require complementary chemical 
(simultaneous) precipitation. Recently, an enhanced biological phosphorus removal 
(EBPR) is developed to increase the efficiency of phosphorus removal, which based 
on the selective enrichment of bacteria accumulating inorganic polyphosphate as an 
ingredient of their cells (Mino et al, 1998, Mino, 2000). 
Fig.  2-3 A basic biological phosphorus removal process. 
The development of crystallization technology started in the 1970s, in response to 
more stringent phosphorus removal requirements combined with the desire to produce 
a more marketable end-product. Although there have been a number of initiatives, the 
leaders in this technology are DHV Consulting Engineers (Fig. 2-4), who adapted 
their expertise in water softening (Dijk and Eggers, 1987). The two main 
crystallization processes are the crystallization of struvite (NH4MgPO4 MAP) and 
crystallization of hydroxyapatite (Ca5(PO4)3OH HAP), which can be achieved with 
various plant configuration, such like the DHV crystalacor, the Rim-Nut ion exchange 
process, the Unitika Phosnix process and the Kurita fixed bed crystallization 
(Battistoni et al, 2001, Battistoni et al, 2002, Mehta and Batstone, 2013). 
Adsorption approach is one of the most effective and economical technologies. The 
potential advantages are that no additional sludge is produced, reagents are not needed 
to overcome high alkalinity and wastewater pH is unaffected. Many types of 
adsorbents for phosphate removal have been investigated, which include aluminum 
oxide/hydroxides (Tanada et al, 2003), polymeric ligand exchanger (Zhao and 
Sengupta, 1998), industrial byproducts (Kostura et al, 2005), zeolite (Onyango et al, 
2007), layered double hydroxides (Kuzawa et al, 2006), and so on.  
Fig.  2-4
The costs of upgrading facility performance include both a capital cost and an 
operation and maintenance (O & M) cost. The O & M cost is estimated includes 
components costs for energy, chemicals, sludge disposal and maintenance. A 
comparison based on economic cost of four alternatives are shown in Table 2-1. 
Chemical precipitation process performs better in terms of effluent quality, however 
high chemicals consumption such as iron, aluminum and their hydroxide are required 
as well as a great number of chemical sludge are produced. Biological phosphorus 
removal process almost do not need any chemicals, instead, it requires more energy 
and construction volume in order for aeration device. Crystallization process could 
provide a marketable end-production such as phosphate fertilizer, however medium 
chemicals are need, in additional, the crystallization process should be keep strictly in 
high pH value, which means life of device is shorten. Generally, adsorption process 
could be conducted under neutral condition without pH adjustment. Besides, no 
sludge is produced after adsorption process. Its shortcoming is that desorption and 
regeneration of adsorbent by using various alkaline solutions, also the disposal of 
these solutions after desorption, which accounts 70% of O & M cost. 
Table 2-1 Comparison of cast calculation under various phosphorus removal 
technologies.  
Elevated levels of oxyanions have been found in the environment and they can be 
harmful to both humans and wildlife. In recent decades, a class of anionic clays 
known as layered double hydroxides (LDHs) or hydrotalcite-like compounds (HTLc) 
has attracted substantial attention from both industry and academia. Although LDHs 
exist as naturally occurring minerals, they are also relatively simple and economical 
to synthesize. The structure of LDHs is based on positively charged brucite-like sheets 
and the positive charges are balanced by intercalation of anions in the hydrated 
interlayer regions. LDHs have relatively weak interlayer bonding and, as a 
consequence, exhibit excellent ability to capture organic and inorganic anions. The 









Capital costs Low Medium Low Low 
Energy cost Low High Low Low 
Chemicals cost High 0 Medium Low 
Sludge 
production  
High Low 0 0 
Maintenance  Medium Low Medium Medium 
capacity (2 3 meq/g) that is comparable to those of anion exchange resins, and good 
thermal stability (Bish, 1980, Cavani et al, 1991, Das et al, 2004). 
LDHs have been studied for their potential use in a wide range of important areas, 
i.e. catalysis, photochemistry, electrochemistry, polymerization, magnetization, 
biomedical science, and environmental application. There has also been considerable 
interest in using LDHs to remove environmental contaminants since environmental 
pollution has emerged as an important issue in the recent decades. Significant 
environmental protection, such as their use as environmental catalysts in removing 
organic and inorganic wastes (Corma et al, 1997, Kannan, 1998, Palomares et al, 
2004). LDHs have also been used as novel membrane-like materials to partition 
pyrene from a methanol water solution containing the polycyclic aromatic 
hydrocarbon (Dutta and Robins, 1994). Indeed, increasing interest has recently been 
diverted to evaluating the ability of LDHs to remove inorganic contaminants such as 
oxyanions (e.g. arsenite, arsenate, chromate, phosphate, selenite, selenate, borate, 
nitrate, etc.) and monoatomic anions (e.g. fluoride, chloride, bromide, and iodide) 
from aqueous solutions by the process of adsorption and ion exchange. This is 
because LDHs have exhibited a great potential to efficiently remove harmful 
oxyanions due to their superior characteristics. 
LDHs are a class of two-dimensional nanostructured anionic clays. The structure of 
LDHs can be described as a cadmium iodide-type layered hydroxide (e.g., brucite, 
Mg(OH)2), where a fraction of the divalent cations coordinated octahedrally by 
hydroxyl groups have been isomorphously replaced by trivalent cations, giving 
positively charged sheets. The net positive charge is compensated by anions in the 
interlayer region between the brucite-like sheets. Some hydrogen-bonded water 
molecules may occupy the free space in this interlayer region. The structure of LDHs 
and a typical octahedral unit are shown in (Fig. 2-5). The basal spacing (c ) is the 
total thickness of the brucite-like sheet and the interlayer region. The octahedral units 
of M2+ or M3+ (sixfold coordinated to OH ) share edges to form infinite sheets. These 
sheets are stacked on top of each other and are held together by hydrogen bonding. 
LDHs can be represented by the general formula 
[M 2+Mx3+(OH)2]x+(A )x/nmH2O, where M2+ and M3+ are divalent and trivalent 
cations, respectively; the value of x is equal to the molar ratio of M3+/(M2++M3+), 
whereas A is the interlayer anion of valence n. The identities of M2+, M3+, x, and A
may vary over a wide range, thus giving rise to a large class of isostructural materials 
with varied physicochemical properties(Evans and Duan, 2006). The parent material 
of these anionic clays is the naturally occurring mineral hydrotalcite which has the 
formula Mg6Al2(OH)16CO34H2O. 
Fig.  2-5 Schematic representation of the LDH structure. 
LDHs can be regarded as a class of materials that are simple to synthesize in the 
laboratory, although not always as pure phases. In general, there are several 
approaches to prepare LDHs which including coprecipitation methods, ion exchange 
methods, hydrothermal methods and the others (He et al, 2006). 
A wide range of analytical techniques have been used to characterize LDHs. The 
routine analyses that are most frequently used are powder X-ray diffraction (XRD), 
Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy. Other 
routine analyses include thermogravimetry (TG), differential scanning calorimetry 
(DSC), differential thermal analysis (DTA), scanning electron microscopy (SEM), and 
transmission electron microscopy (TEM).  
Fig.  2-6 Typical X-ray pattern of LDHs. 
Fig.  2-7 TEM image of synthesized LDHs. 
In addition to the large surface area and high anion exchange capacity of LDHs, 
their flexible interlayer region that is accessible to various anionic species as well as 
polar molecular species is another important feature promising their high removal 
efficiencies of contaminants. In the past few years, many reports on adsorption of 
various contaminants on LDHs have been published. The contaminants include 
oxyanions, monoatomic anions, cations, organics, and gas. 
Thus far, the oxyanions investigated are arsenite (H3AsO3 or H2AsO3 ), arsenate 
(HAsO4  or AsO4 ), chromate (CrO4 or Cr2O7 ), phosphate (PO4 ), selenite 
(HSeO3 or SeO3 ), selenate (HSeO4  or SeO4 ), borate (BO3 ), nitrate (NO3 ), 
perrhenate (ReO4 ), pertechnetate (TcO4 ), iodate (IO3 ), molybdate (MoO4 ), and 
vanadate (VO4 ). The ionic radius of the oxyanions listed falls in the range of 0.19
0.26 nm. The ion exchange would reach its maximum when the interlayer region is 
large enough for the oxyanions to fit into the region for exchange process. The list of 
oxyanions which have been investigated for their adsorption characteristics with 
various LDHs is presented in Table 2-1. 
Table 2-2 List of oxyanions investigated for their adsorption characteristics with 
various LDHs.
Oxyanion Types of LDHs Reference 
Arsenite Uncalcined carbonate-LDHs (Manju and Anirudhan, 
2000) 
Arsenite Uncalcined and calcined Mg-Al 
LDHs 
(Yang et al, 2005) 
Arsenate Calcined Mg-Al LDHs  (Yang et al, 2006) 
Arsenate Uncalcined chloride-Li-Al LDHs (Liu et al, 2006) 
Chromate Uncalcined Mg-Fe LDHs (Das,Das, 2004) 
Chromate Uncalcined Li-Al LDHs (Wang et al, 2006) 
Phosphate Calcined Mg-Mn LDHs (Chitrakar et al, 2005) 
Phosphate Uncalcined and calcined Mg-Al, 
Zn-Al, Ni-Al, Co-Al, Mg-Fe, Zn-Fe, 
Ni-Fe, and Co-Fe LDHs 
(Das et al, 2006) 
Selenite Uncalcined Mg-Fe LDHs (Das et al, 2002) 
Selenite Uncalcined and calcined LDHs (Yang,Shahrivari, 2005) 
Selenate Uncalcined choride-Mg-Al and 
chloride-Zn-Al LDHs 
(You et al, 2001) 
Selenate Uncalcined hydroxide-Ca-Al LDHs 
and carbonate-Ca-Al LDHs 
(Zhang and Reardon, 2003) 
Borate Uncalcined Mg-Al and Mg-Fe LDHs (Ferreira et al, 2006) 
Borate Uncalcined and calcined 
nitrate-Mg-Al LDHs 
(Ay et al, 2007) 
Nitrate Uncalcined chloride-Mg-Al, Co-Fe, 
Ni-Fe, and Mg-Fe LDHs 
(Tezuka et al, 2004) 
Nitrate Uncalcined Zn-Al LDHs (Frost and Musumeci, 2006) 
Perrhenate Calcined Mg-Al LDHs (Kang et al, 1999) 
Perrhechnetate Uncalcined M( )-M( ) LDHs (Wang and Gao, 2006) 
Idate Uncalcined carbonate-Mg-Al LDHs (Toraishi et al, 2002) 
and nitrate-Mg-Al LDHs 
Molybdate Uncalcined hydroxide-Ca-Al LDHs 
and carbonate-Ca-Al LDHs 
(Zhang and Reardon, 2003) 
Vanadate Calcined Mg-Al LDHs (Kovanda et al, 1999) 
Mechanistic study of oxyanion adsorption is of paramount importance in the 
understanding of the adsorbate adsorbent interaction, which can lead to the 
optimization of the adsorption process and the subsequent desorption/regeneration 
process. Recently, (Wang,Hseu, 2006) developed a mechanistic model to describe the 
adsorption and desorption of Cr(VI) on/from chloride-Li Al LDHs (Fig. 2-8) in four 
steps:  
1) In Step 1, Cr(VI) in the solution is adsorbed rapidly through ion exchange, and 
the Cl  on the surface of LDHs or at the edge of the interlayer is replaced by the 
adsorbed Cr(VI).  
2) In Step 2, the Cl  at the edge of the interlayer and the Li+ from the brucite-like 
sheets start diffusing out to the bulk solution.  
3) In Step 3, the deintercalation of Li Al LDHs due to the increasing release of Li+
results in the desorption of both Cr(VI) (on the basal surfaces and/or edges of LDHs) 
and Cl  (in the interlayers).  
4) In Step 4, the desorption rate of the Cr(VI) gradually decreases until the reaction 
reaches equilibrium. 
However, the mechanism of phosphate adsorption by LDHs has not been 
thoroughly studied in detail so far. Because both phosphate and chromate are 
oxyanion, i suppose that their adsorption mechanisms are similar which attribute to 
ion exchange process.   





Phosphorus is an essential nutrient for both humans and green plants. Nevertheless, 
excessive discharge of phosphorus from industrial, agricultural, and household 
sources into rivers and lakes causes eutrophication. On the other hand, phosphorus 
resources are limited, and there have been some alarming reports that deposits of 
high-grade phosphate ores are likely to be depleted in the next few decades. 
Consequently, removal and recovery of phosphorus from liquid solutions is expected 
to be important. 
Recently, numerous studies have investigated methods of removing phosphorus 
from waste solutions, including chemical precipitation and crystallization (de-Bashan 
and Bashan, 2004, Song et al, 2007), an enhanced biological phosphorus removal 
process (Mino et al, 1998), adsorption, and constructed wetlands. Among them, 
adsorption is a promising technique that is both cost effective and environmentally 
friendly. Layered double hydroxides (LDHs) have been paid considerable attention 
for their applications in removing negatively charged species through both surface 
adsorption and anion exchange. Their high uptake levels of anionic species can be 
accounted for by their large surface areas, high anion-exchange capacities, and 
flexible interlayer space (Li and Duan, 2006). Several factors that can influence the 
oxyanion adsorption by LDHs have been studied. Some researchers reported that 
PO4  removal by LDHs could reach a maximum at pH 7 9 (Chitrakar et al, 2005, 
Das et al, 2006). Another key factor is the calcination temperature. Numerous studies 
have reported that calcined LDHs were considerably more effective in removing 
phosphates than uncalcined ones (Lazaridis et al, 2002, Yang et al, 2005). 
In the present work, we examined the phosphate adsorption performance of 
calcined Mg-Fe LDHs (CLDHs) using synthesized NaH2PO4 solution as an object of 
adsorption. The effects of the Mg/Fe molar ratio, influence of competitive anions, 
adsorption kinetics, phosphate adsorption isotherm, phosphate desorption were 
studied via batch tests.  
For synthesis of the calcined Mg-Fe LDH, a coprecipitation method was used under 
low supersaturation conditions. First, 100 ml of a mixture of 1 mol/l MgCl2 and 1 
mol/l FeCl3 aqueous solutions with a Mg/Fe molar ratio from 0.5 to 5 was added 
dropwise to 250 ml of deionized water in a 500 ml beaker. A second mixture of 1 
mol/l NaOH and 1 mol/l Na2CO3 solutions with a 3:1 volume ratio was 
simultaneously added into the beaker and continuously and vigorously stirred in order 
to maintain the pH at 10.0 ± 0.2. After the process of precipitation was completed, the 
suspension was aged at 353 K for 24 h in a water bath, and then the precipitate was 
filtered and washed thoroughly with ultrapure water until neutral (pH=7) and dried at 
353 K for 24 h. The obtained Mg-Fe LDH precursor was calcined at 573 K for 3 h in 
a muffle furnace, then crushed and sieved into mesh sizes of 200 500. 
The powder X-ray diffraction (XRD) patterns were obtained using an X-ray 
diffractometer equipped with a Ni-filtered Cu K radiation source and a graphite 
monochromator. The concentration of phosphate ions in the solution phase was 
determined by using the vanadomolybdophosphoric acid colorimetric method. The 
Cl , NO3 , and SO4  anion concentrations were determined using ion 
chromatography. 
For this test, 0.02 g of adsorbent sample was added to a 50 ml mixed solution of 
NaCl, NaNO3, Na2SO4, and NaH2PO4 (0.5 mmol/L for each ion) and allowed to stand 
for 72 h.  
The Kd values were defined as  
Kd (cm3/g) = anion adsorbed (mmol/g sample)/anion concentration in solution after 
equilibrium (mmol/cm3). 
For this test, 0.05 g of adsorbent sample was added to a 500 ml conical flask with 
250 ml of synthesized NaH2PO4 solution and was stirred at a speed of 140 rpm at 303 
K for 24 h. After the adsorption attained equilibrium, the supernatant was filtered 
filter to determine the phosphate concentration. The 
adsorption capacity of the adsorbent was calculated from the decrease in the 
phosphate concentration of the solution.  
For this test, 0.02 g of adsorbent sample was added to 50 ml of synthesized 
NaH2PO4 with different initial phosphate concentration from 1 80 ppm and allowed 
to stand for 72 h to reach equilibrium. 
Before the desorption tests, 0.05 g of Mg-Fe LDH was added to 250 ml of 
synthesized NaH2PO4 solution and allowed to stand for an equilibration time of 72 h. 
Then, the samples were filtered using a membrane filter and washed by deionized 
water to remove the unabsorbed phosphate on the surfaces of the samples. Finally, 50 
ml quantities of various desorption solutions were added into 300 ml conical flasks 
and stirred at 140 rpm for 24 h to reach equilibrium. The phosphate concentrations 
before and after desorption were measured. 
In order to investigate the effect of the Mg/Fe molar ratio on the adsorption, a series 
of calcined and uncalcined LDHs with six different ratios from 1:2 to 5:1 was 
synthesized. I used a calcination temperature of 573 K, which has been confirmed by 
many reports (Cheng et al, 2010) to be an optimal temperature that can markedly 
improve the adsorption performance by eliminating CO32- anion and water molecular 
in the interlayer with only slight destruction of the layered structure.  
Fig. 3-1 shows that adsorption uptake by calcined LDHs was considerably higher 
than that of uncalcined ones for every Mg/Fe molar ratio. This result agrees with 
those of numerous studies (Lazaridis et al, 2001, Lazaridis,Hourzemanoglou, 2002, 
Álvarez-Ayuso and Nugteren, 2005). Another result observed in this figure is that 
similar, high phosphate adsorption capacities are obtained when the Mg/Fe molar 
ratio is in the range of 3 5. To explain this result, it is speculated that initially the 
incorporation of Fe3+ enhances the structural order and purity of Mg-Fe LDH when 
the Mg/Fe ratio increased from 0.5 to 3, while further introduction of Fe3+ decreases 
the adsorption efficiency because of the electrostatic repulsion between neighbouring 
trivalent metals in the layers and also the repulsion between the charge-balancing 
anionic interlamellar species (He et al, 2006). The most appropriate Mg/Fe ratio was 3 
in both uncalcined and calcined LDHs, which agrees with observations reported by 
other researchers (Ferreira et al, 2004, Benselka-Hadj Abdelkader et al, 2011).  
Fig.  3-1 Effect of Mg/Fe molar ratio on phosphate adsorption by LDH and CLDH. 
Fig. 3-2 shows the XRD patterns of uncalcined LDHs with various Mg/Fe ratios. 
(003), (006), (009), (015), (018), (110) and (113) means the related plane of 
hexagonal unit cell in LDH which is oriented by three-dimensional coordinate axes 
(abc). Essentially, the reflections in the XRD pattern of an LDH fall into three groups: 
(1) A series of strong basal (00l) reflections at low angles allow direct determination 
of the basal spacing normal to the (00l) plane. (2) The position of the (110) reflection 
at high a l) reflections at 
intermediate angles. The diffractograms have typical peaks corresponding to (003), 
(006), (009), (015), (018), (110) and (113) reflections at related 2  value, which 
indicate the existence of the Mg-Fe LDH structure. The highest observed intensities 
of every typical peak in Mg3Fe LDH reveal that highest degree of crystallinity, 
followed by Mg4Fe, Mg5Fe, Mg2Fe, MgFe, and MgFe2. This sort order is in 
agreement with that of the phosphate adsorption capacity. The reason that the same 
sort order was found even in the calcined samples could be assumed to be that the 
Mg3Fe hydrotalcite also led to good reconstruction after subsequent calcination and 
rehydration processes (Rives and Angeles Ulibarri, 1999).  
The pore structure parameters of the samples, such as specific surface area, pore 
volume are listed in Table 3-1. The data of sample Mg4Fe1 LDH and Mg5Fe1 LDH 
were not provided because their specific surface area is too small that could not be 
detected by equipment. Based on available data, i concluded that among LDHs 
samples, Mg3Fe1 LDH has the largest specific surface area. After calcination, the 
specific surface area, pore volume were tends to increase, however, the largest 
specific surface area is found in sample Mg5Fe1 CLDH, the results were not fit with 
our expectation (Mg3Fe1 CLDH), probably due to their specific surface area is too 
close to distinguish with a slight experimental error. 
Table 3-1 Effect of Mg/Fe molar ratio on pore structure parameters. 
Samples SBET (m2/g) Pore volume (cm3/g) 
Mg3Fe1 LDH 71.77 0.122 
Mg4Fe1 LDH NA NA 
Mg5Fe1 LDH NA NA 
Mg3Fe1 CLDH 80.51 0.131 
Mg4Fe1 CLDH 77.08 0.127 
Mg5Fe1 CLDH 88.74 0.142 
Fig.  3-2 X-ray diffraction patterns of various Mg-Fe LDHs. 
Generally pH is considered to be an important parameter that controls the 
adsorption at water-adsorbent interfaces. Keeping this in view, the adsorption of 
phosphate on calcined Mg3Fe1-LDH was studied at different pH values ranging from 
3.8 to 10.8., which was depicted in Fig. 3-3. From the figure it may be observed that 
adsorption capacity increases with the increase in pH and reaches maximum at pH 6.9. 
With further increase in pH up to 10.8, there has been a steady decrease. This can be 
attributed to the increasing competition between OH  groups and phosphate species 
for the adsorption sites. Phosphate exists as H2PO4 , HPO4  and PO4  depending on 
the pH of the solution with pK1 = 2.15, pK2 = 6.68 and pK3 = 12.33, respectively. pH 
6-9 was chosen as ideal for the present study.
Fig.  3-3 Effect of pH on calcined Mg3Fe1-LDH 
Many studies have reported on the effect of competitive anions on adsorption by 
LDH. Depending on the pH of the solution, phosphate can exist in three different 
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approximately 6.8, HPO4  is considered to be dominant among the various ionic 
phosphate species in solution. In addition, Cl , SO4 , and NO3  anions were 
introduced as competing ions in order to observe their effect. The coefficient values of 
the series of calcined and uncalcined Mg-Fe LDHs with various Mg/Fe ratios are 
presented in Table 3-2. The selectivity order is as follows: HPO4  Cl , SO4
NO3 , except for the Mg1Fe1-CLDH, for which it is HPO4  SO4  NO3 , Cl
3Fe1-CLDH still had a high Kd value for phosphate, followed by 
Mg4Fe1-CLDH and Mg5Fe1-CLDH. The sequences of adsorption selectivity towards 
phosphate ion were exactly the same as the sequences of phosphate adsorption 
capacity observed in the foregoing discussion of effect of Mg/Fe ratios (Fig. 3-1). 
Furthermore, comparing the calcined Mg3Fe1-LDH sample with the uncalcined one, i 
concluded that, remarkably, calcination could not only improve adsorption capacity 
for phosphate anions, but also that for other anions. However the selectivity toward 
phosphate ions did not obviously increase. 
Table 3-2 Kd values of various samples for different anions. (na: No adsorption). 
According to Fig. 3-4, the initial adsorption processes were very fast, occurring 
within 10 h, and equilibrium was reached after 3 d. Therefore, 72 h was considered to 
Sample Kd (cm3/g) 
Cl NO3 SO4 HPO4
Mg1Fe2-CLDH 6.29 × 101 na na 1.49 × 103
Mg1Fe1-CLDH na na 8.22 × 101 2.17 × 103
Mg2Fe1-CLDH 7.70 × 102 9.76 × 101 2.76 × 102 4.52 × 103
Mg3Fe1-CLDH 1.18 × 103 3.24 × 102 9.37 × 102 6.09 × 104
Mg4Fe1-CLDH 7.72 × 102 2.43 × 102 8.78 × 102 3.90 × 104
Mg5Fe1-CLDH 5.70 × 102 na 2.00 × 102 3.02 × 104
Mg3Fe1-LDH 1.59 × 102 na na 1.33 × 103
be the equilibration time. In order to analyse the experimental results, 
pseudo-first-order and pseudo-second-order models were used. The adsorption 
kinetics was better modelled by the pseudo-second-order equation, with respect to 
higher coefficients of determination than the pseudo-first-order equation. The kinetic 
parameters evaluated on the basis of these two equations are listed together with the 
coefficients of determination in Table 3-3. The capacity was estimated to be 76.2 
mg-P/g of adsorbent by the pseudo-second-order equation. Simultaneously, the 
calculated P adsorption capacity at equilibrium was 77.5 mg-P/g, which closely agree 
with the estimated value. 
Fig.  3-4 Kinetics of phosphate adsorption on Mg3Fe1 CLDH. 
Table 3-3Kinetic models for adsorption on Mg3Fe1 CLDH and calculated constants. 




The adsorption isotherms of phosphate ions on Mg3Fe1 CLDH in NaH2PO4 solution 
are presented in Fig. 3-5 from triplicate experiments. The equilibration time was 
determined to be 72 h in the previous section on kinetics studies. The amount of 
adsorption increased with increasing equilibrium concentration and reached the 
maximum adsorption capacity of around 150 mg-P/g when equilibrium concentration 
was around 30mg/L. 
The Langmuir and Freundlich models are the most frequently employed models for 
the adsorption isotherm. In this work, both models were used to describe the 
adsorption isotherm.  
The linear form of the Langmuir isotherm model is represented as 
where Ce is the phosphate concentration at equilibrium, qe is the amount of adsorption 
at equilibrium, and qm and b are constants related to the maximum adsorption capacity 
and the energy of adsorption, respectively. 
The linear form of Freundlich isotherm model is represented as 
where Kf and n are constants related to the adsorption capacity and adsorption 
intensity, respectively. 
Comparing the coefficients of determination (R2) listed in Table 3-4, the difference 
between them was statistical significant (p < 0.05) according to the Two Sample 
Paired t-Test, so it is concluded that the phosphate adsorption process was better fit 
with the Freundlich model than with Langmuir model.  
Fig.  3-5 Adsorption isotherms on Mg3Fe1 CLDH in triplicate. 
Table 3-4 Adsorption isotherm models for adsorption on Mg3Fe1 CLDH and 
calculated constants (n=3). 
Adsorbate Langmuir model Freundlich model 
qm b R2 Kf N R2












Various alkaline solutions, salt solutions, and mixtures thereof have been used to 
achieve satisfactory desorption from Mg3Fe1 CLDH. A series of phosphate desorption 
tests was carried out by using different concentrations of NaOH solutions, NaCl 
solutions, and mixtures thereof, as shown in Table 3-5. The NaOH solution was much 
more effective in desorbing phosphate ions from Mg3Fe1 CLDH: the desorption 
efficiency increased to 73.4 % when the concentration of NaOH solution increased to 
0.1 M and did not obviously increase with further concentration increases, even when 
the concentration was increased to 1 M. The reason that an incomplete desorption 
process achieved was presumably the small fraction of adsorbed phosphate which was 
bound through strong interaction in the interlayer (Anirudhan et al, 2006). In addition, 
the mixed solution did not produce better desorption efficiency, as expected, and was 
lower than when only NaOH solution was used. It was considered that the relatively 
low affinity of Cl- to LDHs comparing with OH- but still partial Cl- could exchange 
with PO43- anion in the interlayer (Cheng et al, 2009). Overall, based on the balance 
between cost savings and desorption efficiency, 0.1 M NaOH solution was chosen as 
the appropriate desorption solution.   
A comparison of phosphate adsorption and desorption capacities of Mg3Fe1CLDH 
with various adsorbents such as carbon-based material, silica, waste material, zeolite 
and other LDHs was presented in Table 3-6. Among the different adsorbents, the 
sample synthesised in our research showed high phosphate uptake from NaH2PO4
solution and satisfactory desorption rate. 
Table 3-5 Various desorption solutions and their desorption rates. 
Desorption solution Desorption rate (%) 
0.01 M NaOH 34.5 
0.05 M NaOH 54.1 
0.1 M NaOH 73.4 
0.5 M NaOH 75.8 
1 M NaOH 76.4 
0.05 M NaCl 10.7 
0.1 M NaCl 20.9 
0.5 M NaCl 28.7 
1 M NaCl 35.4 
0.1 M NaOH+1 M NaCl 48.7 
Table 3-6 Comparison of Mg3Fe1CLDH with various adsorbents. 
A calcination process at 573 K the improved phosphate adsorption capacity 
remarkably because of the rehydration and reconstruction of the calcined Mg-Fe LDH. 
The highest phosphate adsorption capacity was obtained for a sample with a Mg/Fe 
ratio of 3 calcined at 573 K under pH =6.9. The distribution coefficient (Kd) revealed 
good adsorption selectivity of Mg3Fe1 CLDH for phosphate in a mixed solution with 
NaCl, NaNO3, and Na2SO4. The adsorption kinetics, which were studied using a 
pseudo-second-order model, showed high adsorption capacities of 77.5 mg-P/g in 
NaH2PO4 solution. The adsorption isotherms showed that the phosphate uptake 
process was better fit with the Freundlich model than with the Langmuir model. The 
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Phosphorus is an essential nutrient among plants and animals, but it is a 
non-renewable resource, and the global commercial phosphate reserves will be 
depleted in 50 100 years (Cordell et al, 2009). In recent years, the economic 
developments of emerging countries, such as China and India, and increasing global 
cereal production to cater to the biofuel boom have driven up fertilizer prices. The 
price of phosphorus in international trade has been driven up because of the impact of 
export controls in major countries of origin during the past few years 
(Cordell,Drangert, 2009). Japan, India, Western European nations, and many other 
countries lack phosphorus ore as a natural resource; thus, they completely depend on 
imports, and there are concerns about ensuring long-term and stable availability of 
phosphorus resources from recovery processes in the future. It is estimated that the 
amount of phosphorus contained in wastewater and sewage systems, which 
corresponds to 40 50% of phosphorus ore, are not utilized effectively in Japan. In a 
conventional, secondary, biological wastewater treatment train, some of the 
supernatant from the anaerobic digestion tank is recycled into the wastewater stream 
when primary, secondary, and waste-activated sludge are treated by anaerobic 
digestion (Richard, 1991). This supernatant is always rich in phosphates because they 
are released from phosphorus accumulation processes in microorganisms that convert 
the sludge solids to liquid under anaerobic conditions. Therefore, sludge can be a 
feasible resource for phosphorus recovery.   
Recently, numerous studies have investigated methods to remove phosphorus from 
aqueous solutions, which include chemical precipitation and crystallization 
(de-Bashan and Bashan, 2004, Song et al, 2007), an enhanced biological phosphorus 
removal process (Mino et al, 1998), adsorption, and constructed wetlands. Among 
these methods, adsorption is a promising technique that is both cost effective and 
environmentally friendly. Layered double hydroxides (LDHs) are a class of anionic 
clays that have received considerable attention for their applications in removing 
negatively charged species via both surface adsorption and anion exchange. LDHs can 
be represented by the general formula [M 2+Mx3+(OH)2]x+(A )x/n-mH2O, where M2+
and M3+ are divalent and trivalent cations, respectively; the value of x is equal to the 
molar ratio of M3+/(M2++M3+), and A is an interlayer anion of valence n. They are able 
to uptake high levels of anionic species because of their large surface areas, high 
anion-exchange capacities, and flexible interlayer spaces (Li and Duan, 2006). 
Several factors that can influence the oxyanion adsorption by LDHs have been studied. 
Some researchers reported that the PO4  removal by LDHs could reach a maximum 
at a pH of 7 9 (Kameda et al, 2002, Chitrakar et al, 2005, Das et al, 2006), but beyond 
these values, the adsorption was effectively decreased as a result increasing the 
amount of the competing hydroxide anions. Another key factor is the calcination 
temperature, and several studies have reported that calcined LDHs were considerably 
more effective in removing phosphates than uncalcined ones (Lazaridis et al, 2002, 
Yang et al, 2005, Carja et al, 2005, Álvarez-Ayuso and Nugteren, 2005). The 
improvement was attributed to the rehydration of the calcined LDH structure when it 
is exposed to water and anions (memory effect) (Chibwe and Jones, 1989). The most 
appropriate calcination temperature was found to be 573 K (Cheng et al, 2009, Cheng 
et al, 2010). 
During our previous work (Sun et al, 2013), a series of calcined Mg-Fe LDHs were 
synthesized through coprecipitation under low supersaturation conditions. Several 
factors that affect the adsorption process, such as Mg/Fe molar ratio, competing 
anions, and phosphate desorption efficiency, were studied via batch tests. However, 
batch adsorption is not convenient for application on an industrial scale, in which 
large volumes of wastewater are continuously generated. It is imperative to analyze 
continuous adsorption data, which can provide valuable information for improving the 
design and operation of phosphate adsorption processes from wastewater treatment 
plants. To date, LDHs have been utilized as dispersed powders or fixed-bed granules. 
Granular-type adsorbents have been receiving increased attention as an alternative to 
powdered adsorbents because the process involving granular adsorbents is easier to 
control and the adsorbents are amenable to separation, especially on a continuous 
basis. 
As a continuation of our previous work, i focused on evaluating the performance of 
granular calcined Mg3-Fe LDHs for removing phosphate ions in a fixed-bed column 
using synthesized NaH2PO4 solutions. The effects of parameters such as bed-height, 
flow rate, and initial concentration on a breakthrough curve were investigated. Widely 
used column adsorption models were applied to validate the experimental data. I also 
assessed the performance of the granule-packed fixed-bed column in removing and 
recovering phosphate from actual anaerobic sludge filtrate. Finally, 
exhaustion-regeneration cycles were employed to investigate the reusability of the 
adsorbent. 
A coprecipitation method was used under low supersaturation conditions to 
synthesize calcined Mg3-Fe LDH. First, 100 mL of an aqueous solution containing 1 
mol/L MgCl2 and 1 mol/L FeCl3 (with a Mg/Fe molar ratio of 3) was added dropwise 
to 250 mL of deionized water in a 500 mL beaker. A second mixture of 1 mol/L NaOH 
and 1 mol/L Na2CO3 solutions with a 3:1 volume ratio was simultaneously added into 
the beaker. The resultant mixture was continuously and vigorously stirred in order to 
maintain the pH at 10.0 ± 0.2. After the precipitation process was completed, the 
suspension was aged at 353 K for 24 h in a water bath, and the precipitate was filtered 
and washed thoroughly with ultrapure water until neutral and dried at 353 K for 24 h. 
The obtained Mg3-Fe LDH precursor was calcined at 573 K for 3 h in a muffle 
furnace, and subsequently crushed and sieved into mesh sizes of 200 500 mesh. 
Powder X-ray diffraction (XRD) patterns were obtained using an X-ray 
diffractometer equipped with an Ni-filtered Cu K
monochromator (Advance D8, Bruker). The morphological features were acquired 
using a scanning electron microscope (SEM; JSM-6700F, JEOL). The concentration 
of phosphate ions in the solution phase was determined through the molybdenum blue 
spectrophotometric method using a spectrophotometer (U 2001, Hitachi). The Cl , 
NO2 , NO3 , and SO4  anion concentrations were determined through ion 
chromatography. 
Continuous tests were performed using transparent glass columns of inner diameter 
0.05 cm and heights 6, 12, and 18 cm, respectively, for sample granules weighing 0.1, 
0.2, and 0.3 g. The granules were packed into their respective columns, and 
synthesized NaH2PO4 solutions (5, 10, and 20 mg/L, respectively) or anaerobic sludge 
filtrate were allowed to percolate through the column from the bottom at flow rates of 
12, 24, and 36 mL/h, respectively, using a peristaltic pump (SJ 1211L, ATTA). 
Subsequently, 100 mL of deionized water was allowed to percolate through and wash 
the inside of the column. Then, 0.1 M NaOH solution was used as an eluent at a flow 
rate of 24 mL/h. Finally, the column was washed again with 100 mL of deionized 
water at the same flow rate. Effluent solutions were successively collected using a 
fraction collector during adsorption and desorption to determine the phosphate ion 
concentrations. This cycle was repeated five times to investigate the reusability of the 
adsorbent.  
For a desired initial concentration and flow rate, the value of the total mass of 
phosphate adsorbed, qtotal (mg) can be calculated as being equal to the area under the 
plot of the adsorbed phosphate concentration: 
 ,      (1) 
where Ca is the concentration of adsorbed phosphate (mg/L). 
The equilibrium phosphate adsorption capacity, qe (mg/g), is calculated as follows: 
 ,          (2) 
where m is the dosage of adsorbent packed within the column. 
The time or bed volume for breakthrough appearance and the shape of the 
breakthrough curve are important characteristics for determining the operation and 
dynamic response of an adsorption column (Aksu and Gönen, 2004). Furthermore, the 
successful design of an adsorption column requires the prediction of the 
concentration-time profile from the breakthrough curve for the effluent discharged 
from the column. In order to describe the adsorption process of phosphate on calcined 
Mg3-Fe LDH absorbent, several models were introduced to fit the adsorption 
breakthrough curves. 
The Bed Depth Service Time (BDST) Model 
The BDST model (Hutchins, 1973) is based on the physical measurement of the 
capacity of the bed at various percentage breakthrough values. The BDST model 
constants can be helpful to scale up the process for other flow rates and concentrations 
without further experimentation. It is used to predict the column performance for any 
bed length, if data for some depths are known. It states that the bed depth, Z, and 
service time, t, of a column exhibit a linear relationship. The rate of adsorption is 
controlled by the surface reaction between the adsorbate and the unused capacity of 
the adsorbent. 
The BDST equation can be expressed as follows: 
 ,      (3) 
where C is the effluent concentration of a solute in the liquid phase (mg/L), C0 is the 
initial concentration of the solute in the liquid phase (mg/L), U0 is the influent linear 
velocity (cm/h), N0 is the adsorption capacity (mg/g), ka is the rate constant in the 
BDST model (L/ mg min), t is the time (h), and Z is the bed depth of column (cm). 
A plot of t versus Z should yield a linear relationship where N0 and ka, which are the 
adsorption capacity and rate constant, respectively, can be evaluated. 
The Thomas model 
Predicting the concentration time profile or breakthrough curve for the effluent is 
required to successfully design a column adsorption process. The maximum 
adsorption capacity of an adsorbent is also needed for the design. Traditionally, the 
Thomas model (Thomas, 1944) is used for this purpose. The model has the following 
form: 
 ,      (4) 
where kT is the Thomas rate constant (L/mg h), q0 is the maximum solid-phase 
concentration of the solute (mg/g), m is the mass of sorbent in the column (g), Veff is 
the throughput volume (L), and Q is the volumetric flow rate (L/h). 
The Clark model 
Clark (Clark, 1987) used the mass-transfer coefficient in combination with the 
Freundlich isotherm to define a new relation for the breakthrough curve as 
        (5) 
with  
        (6) 
and  
 ,         (7) 
where n is the Freundlich constant, Cb is the concentration of sorbate at breakthrough 
time tb m is the migration velocity of the concentration front in the bed 
(cm/h). 
The Yoon and Nelson model 
The Yoon and Nelson model is a relatively simple model based on the assumption 
that the rate of decrease in the probability of sorption for each sorbate molecule is 
proportional to the probability of sorbate sorption and sorbate breakthrough on the 
sorbent (Yoon and Nelson, 1984). The equation for the 50% breakthrough 
concentration from a fixed bed of sorbent is: 
 ,      (8) 
where kY is the Yoon-Nelson rate constant (h 1). The values of kY and t0.5 can be 
obtained from the slope and intercept, respectively, for a linear plot of ln[C/(C0 C)] 
versus t. 
The models described in sections 4.2.4 were fitted to experimental breakthrough 
curves using linear or non-linear regression methods. Coefficients of linearity (R2) 
describe the fit between experimental data and linearized forms of BDST, 
non-linearized forms of Thomas, Clark, and Yoon-Nelson equations, whereas the sum 
of the squares of the errors (SSE) calculated according to Eq. (9) indicates the fit 
between the experimental and predicted values of C/Co used for plotting the 
breakthrough curves. 
 ,      (9) 
respectively, and n is the number of measurements. 
Characterization
Fig. 4-1 shows the XRD patterns of raw Mg3-Fe LDH, calcined Mg3-Fe LDH, and 
calcined Mg3-Fe LDH after adsorption. The diffract grams have typical peaks at d003, 
d006, d012, d110, and d113, indicating the existence of the Mg-Fe LDH structure. The 
basal spacing of each labeled sample in Fig. 3-1 is similar to those reported in other 
studies (Reichle, 1986, Fernández et al, 1998, Kovanda et al, 2003). The raw Mg-Fe 
LDH was found to have the highest degree of crystallinity by observing the intensity 
of the characteristic reflection peaks, and after calcination, the crystallinity was 
lowered as indicated by the broadening and attenuation of the peaks. This occurs 
because calcination removes the interlayer water and anions, resulting in a partially 
mixed metal oxide. After being exposed to the phosphate solution, the water is 
absorbed to re-form the hydroxyl layers, and the phosphate ions and water are 
incorporated into the interlayer galleries, contributing to the restoration of the typical 
LDH peaks. The conversion of the mixed metal oxides into LDHs in an aqueous 
calcined LDHs is greater than that of their precursors. The SEM images show that 
each sample has a hexagonal plate-like structure that is typical characteristic of LDH 
materials.  
Fig.  4-1 XRD patterns and SEM images of (a) raw Mg3-Fe LDH, (b) calcined 
Mg3-Fe LDH, and (c) calcined Mg-Fe LDH after adsorption. 
Fig. 4-2 presents the performance of breakthrough curves with various bed heights 
(Z) at a constant flow rate (Q) of 0.024 L/h using a 10 mg/L initial phosphate 
concentration (C0) (NaH2PO4 solution). It was observed that both the breakthrough 
and exhaustion times were extended with increasing bed heights (from 6 to 12 to 18 
cm), which might be due to the longer bed height allowing a longer empty bed contact 
time (EBCT) between the adsorbent and adsorbate. Furthermore, the slope of the 
breakthrough curve became flatter with increasing bed heights, which resulted in a 
broadened mass transfer zone; the column seemingly took a much longer time to 
reach complete exhaustion. Similarly, the equilibrium adsorption capacities (qe) were 
found to be 11.58, 13.58, and 14.92 mg-P/g when the bed heights were 6, 12, and 18 
cm, respectively (Table 4-1). This increasing tendency could be attributed to a more 
adsorbent surface area, which provided more binding sites for phosphate adsorption 
(Nur et al). 
Table 4-1 Adsorption breakthrough data for different bed heights, flow rates, and 
initial phosphate concentrations. 
Z (cm) Q (L/h) C0 (mg/L) tb (h) Vb (L) EBCT (h) qe (mg-P/g) 
6 0.024 10 1.91 0.0455 0.0389 11.58
12 0.024 10 5.44 0.1332 0.0755 13.58
18 0.024 10 10.41 0.2499 0.1154 14.92
12 0.012 10 15.20 0.1974 0.1422 14.91
12 0.024 10 5.44 0.1332 0.0755 13.58
12 0.036 10 2.90 0.1060 0.0505 12.20
12 0.024 5 10.26 0.2432 0.0779 12.28
12 0.024 10 5.44 0.1332 0.0755 13.58
12 0.024 20 4.07 0.0966 0.0778 21.09
Fig.  4-2 Effect of bed height on the breakthrough curve (C0 = 10 mg/L, Q = 0.024 
L/h). 
Fig. 4-3 shows the breakthrough curve performance for a bed height of 12 cm and 
initial phosphate concentration of 10 mg/L. The flow rate varied between 0.012 and 
0.036 L/h in the range of 1.5 to 7.5 min, which is within the typical EBCT range, after 
conversion to EBCT. The figure illustrates that higher flow rates resulted in lowered 
breakthrough times and volumes because the increasing flow rate corresponded to a 
decrease in the EBCT. The flow rate also influenced the adsorption capacity, because 
when the flow rate was increased from 0.012 to 0.036 L/h, the adsorption capacity 
slightly decreased from 14.91 to 12.20 mg-P/g; therefore, the lower flow rate 
provided for more efficient interaction between the adsorbent and adsorbate in the 
solution. Similar phenomena have been observed by other researchers (Bhakat et al, 
2007, Unuabonah et al, 2012). 
. 
Fig.  4-3 Effect of flow rate on the breakthrough curve (C0 = 10 mg/L, Z = 12 cm). 
In order to investigate the effect of the initial phosphate concentration on the 
profiles of the breakthrough curves, a variety of initial concentrations (5, 10, and 20 
mg/L) were used under a constant flow rate and with a fixed bed height. As shown in 
Fig. 4-4, increasing the initial concentration resulted in an earlier breakthrough curve, 
and the lowest initial concentration treated the highest volume because of the 
increased diffusion coefficient or mass transfer coefficient. Along our expectations, 
the phosphate uptake capacities were found to be 12.28, 13.58, and 21.09 mg-P/g 
when the initial concentrations were 5, 10, and 20 mg/L, respectively. This increase in 
capacity could be explained by the fact that a higher influent phosphate concentration 
provided a higher driving force for the transfer process to overcome the mass transfer 
resistance (Chen et al, 2012). The adsorbent solid/influent liquid (S/L) ratio would be 
0.4 if the treated influent volume was assumed to be 0.5 L, and it could be found that 
the adsorption capacity was 34.5 mg-P/g in a batch test under the same S/L ratio when 
the initial phosphate concentration was 20 mg/L. The corresponding capacity was 
21.09 mg-P/g, which is lower than the previously mentioned capacity because of the 
insufficient contact time between the adsorbate and the adsorbent in column tests as 
opposed to batch tests (Srivastava et al, 2008).     
Fig.  4-4 Effect of initial phosphate concentration on the breakthrough curves (Q = 
0.024 L/h, Z = 12cm). 
Analysis using the BDST model 
The BDST plots for phosphate removal at 10%, 20%, 40%, and 60% breakthroughs 
for a flow rate of 0.024 L/h and an initial concentration of 10 mg/L are shown in Fig. 
4-5. The k, N0, and R2 values were calculated from the slope and intercept of these 
plots. From Table 4-2, it can be seen that there was a consistent rise in the slopes from 
the breakthroughs of 10 60% and a subsequent increase in the corresponding 
adsorption capacity from 1104.95 to 1742.05 mg-P-/g. At a lower breakthrough value, 
some active sites of the adsorbent were still not occupied by phosphate anions; thus, it 
remained unsaturated. The adsorption capacity at such a low breakthrough condition 
was therefore bound to be lower than the total fixed-bed capacity of the adsorbent. 
Another noteworthy finding from Fig. 4-5 was that the extrapolated linear regression 
of the 50% breakthrough did not pass through the origin. Theoretically, C/C0 is 0.5 at 
50% breakthrough; therefore, the logarithmic term of Eq. (3) becomes 0, and the 50% 
breakthrough should be a straight line passing through the origin at t = 0 h. This 
nonconformity indicates that the transport of phosphate from the aqueous solution 
onto the calcined Mg3-Fe LDH adsorbent involves more than one rate-limiting step 
(Sharma and Forster, 1995). The values of R2 were above 0.99, indicating the validity 
of the BDST model for the column system at breakthroughs below 60%. Additionally, 
the obtained BDST model constants can be useful for the theoretical predictions of 
scaling up the process for other flow rates and initial concentration conditions (Kumar 
and Chakraborty, 2009).  
Table 4-2 Parameters of BDST model using linear regression analysis (C0 = 10 mg/L, 
Q = 0.024 L/h). 
Fig.  4-5 Times of breakthroughs with respect to bed height according to the BDST 
model. (Q = 0.024 L/h, C0 = 10 mg/L). 
C/C0 a (h/cm) b (h) ka 102(L/mg h) N0 (mg/L) R2 SSE 
0.1 0.7083 -2.5000 8.79 1104.95 0.9897 0.38 
0.2 0.8000 -2.6333 5.26 1248.00 0.9930 0.33 
0.4 0.9000 -1.9000 2.13 1404.00 0.9959 0.24 
0.6 1.1167 -2.1333 -1.90 1742.05 0.9988 0.11 
Analysis using the Thomas model 
The Thomas model was applied to the experimental data for C/C0 ratios ranging 
from 0.08 to 0.95 while varying bed height, flow rate, and initial phosphate 
concentration. As listed in Table 4-3, when Z was increased, the value of kT decreased, 
and the value of Q0 increased. As Q increased, the value of kT increased, and the value 
of q0 decreased from 14.36 mg-P/g to 12.06 mg-P/g, implying that in the range of 
0.12 to 0.36 L/h, the fluctuations in flow rate has slight effect on the adsorption 
efficiency. When C0 increased, the value of q0 noticeably increased, but the value of 
kT decreased. This is attributed to the difference in driving force for adsorption that 
accompanies the concentration difference. Therefore, the higher driving force 
resulting from higher phosphate ion concentration led to a higher q0 value (Chen,Yue, 
2012). Additionally, it was found that the values of q0 estimated using the Thomas 
model are very close to the qe values calculated from experimental results with 
varying Q, Z and C0 conditions. The high values of non-linear regression coefficients 
demonstrated the adequacy of the linearized Thomas model equation to fit the 
experimental data along a non-linear regression (Table 4-3). Furthermore, comparing 
the R2 and SSE values for various models revealed that the Thomas model suitably 
described the LDH adsorption process in a fixed-bed column where the diffusion 
through the film/pores is not the rate limiting step.  
Table 4-3 Parameters of the Thomas model using linear regression analysis at various 
bed heights, flow rates, and initial phosphate concentrations. 
Analysis using the Clark model 
The value of the Freundlich constant (n = 1.4), which was obtained from the batch 
tests in our previous work, was used in the Clark model to calculate the other model 
parameters, A and r, which were, respectively, determined from Eq. (5). The observed 
increase in the rate of mass transfer (r) with increasing flow rate was because the 
higher flow rates shorten the distance for the molecular diffusion of adsorbates 
through the stationary layer of water that surrounds adsorbent particles. The rate of 
mass transfer also increased with increasing initial phosphate concentration and with 
it, the driving force and mass transfer of the adsorbate to the adsorbent surface. 
However, a greater bed height can be attributed to an increased adsorbent dosage; thus, 
there is an increased number of particles available for interaction, thus reducing the 
mass transfer rate (Aksu and Gönen, 2004). 
As seen in Table 4-4, R2 values were high (ranging from 0.9747 to 0.9955) and the 
corresponding SSE values were lower, indicating that the Clark model best predicts 
the breakthrough curve of LDH adsorption process among all tested models, 
meanwhile, the behavior of this system was simulated as a Freundlich adsorption, 
Z (cm) Q (L/h) C0 (mg/L) kT 102L/(mg h) q0 (mg-P/g) R2 SSE 
6 0.024 10 6.57 10.28 0.9624 0.061
12 0.024 10 3.27 12.25 0.9735 0.096
18 0.024 10 2.44 13.84 0.9772 0.133
12 0.012 10 2.55 14.36 0.9914 0.034
12 0.024 10 3.27 12.25 0.9735 0.096
12 0.036 10 4.77 12.06 0.9750 0.098
12 0.024 5 2.95 12.89 0.9873 0.078
12 0.024 10 3.27 12.25 0.9735 0.096
12 0.024 20 1.96 20.46 0.9834 0.078
which matched our conclusion from previous batch study .  
Table 4-4 Parameters of the Clark model using linear regression analysis at various 
bed heights, flow rates, and initial phosphate concentrations. 
Analysis using the Yoon-Nelson model 
A simple theoretical model was introduced to investigate the breakthrough behavior 
of phosphate adsorption on Mg3Fe LDH adsorbent. The values of kY, t0.5, and other 
statistical parameters are listed in Table 4-5. As shown in Table 4-5, the value of kY
was found to decrease with increasing bed height, but it decreases proportionally with 
flow rate and initial concentration, whereas the t value showed an opposite trend. The 
values of t0.5 were found to be much lower than the experimental t value at 50% 
breakthrough under all conditions, indicating that the Yoon-Nelson model is not very 
accurate in predicting the t0.5 value because of its relative simplicity.  
Table 4-5 Parameters of the Yoon-Nelson model using linear regression analysis at 
various bed heights, flow rates, and initial phosphate concentrations. 
Z (cm) Q (L/h) C0 (mg/L) r 10(1/h) A R2 SSE 
6 0.024 10 5.25 2.93 0.9747 0.041 
12 0.024 10 2.63 4.48 0.9834 0.060 
18 0.024 10 1.99 8.93 0.9855 0.085 
12 0.012 10 1.99 26.84 0.9955 0.018 
12 0.024 10 2.63 4.48 0.9834 0.060 
12 0.036 10 3.91 3.67 0.9845 0.061 
12 0.024 5 1.16 3.96 0.9947 0.033 
12 0.024 10 2.63 4.48 0.9834 0.060 
12 0.024 20 3.15 4.49 0.9922 0.020 
Z (cm) Q (L/h) C0 (mg/L) t0.5(h) kY 10 (1/h) R2 SSE 
6 0.024 10 0.48 2.15 0.9720 0.12 
Mechanism studies are important in understanding the interaction between 
adsorbent and adsorbate, which leads to optimize the operation parameters for 
adsorption and desorption process. The XRD patterns of the LDH before and after 
adsorption have been shown in Fig. 3-1. The forms of LDH sample still showed 
typical peak of crystallinity after adsorption of phosphate, which suggested a 
preservation of the structure. According to a 3R polytypism, the refined cell parameter 
a (a=2d(110)) is the metal-metal distance in the layer, c(c=3d(003)) is the interlayer 
distance. The LDH with different interlayer anion can be identified by observing 
interlayer distance. It was found that a value nearly did not change, however c value 
changed significantly from 22.91  to 23.76  after phosphate adsorption, which 
means the interlayer anion was replaced by phosphate anion. This phenomenon might 
be proved that ion exchange is the main mechanism for the adsorption process. As we 
concluded that Clark model had best fitness with experimental data in previous 
discussion, it could be deduced that the adsorption isotherm obeyed Freundlich model, 
indicating there is a multilayer reaction during adsorption process, meanwhile the 
mass transfer process was considered as an unneglectable factor since it limited the 
reaction rate, especially in a fix-bed column system. A hypothetical mechanism could 
be followed three steps: (1) external mass transfer such as adsorbate being transported 
12 0.024 10 1.90 1.10 0.9383 0.48 
18 0.024 10 5.89 0.80 0.9121 0.88 
12 0.012 10 13.85 0.97 0.9566 0.30 
12 0.024 10 1.90 1.10 0.9383 0.48 
12 0.036 10 -1.56 1.39 0.9237 0.92 
12 0.024 5 14.72 0.82 0.9679 0.47 
12 0.024 10 1.90 1.10 0.9383 0.48 
12 0.024 20 6.88 2.29 0.9834 0.11 
from bulk solution to the boundary layer of water surrounding the adsorbent particle. 
(2) intra-
pores to available adsorption site. (3) Adsorption reaction dominated by ion exchange 
process substituted of interlayer anion by phosphate anion. 
Adsorption breakthrough curve  
The anaerobic sludge sample was obtained from the eastern municipal wastewater 
treatment plant in Ube, Japan. After 24 h of sedimentation, the supernatant was 
column tests. The pH and anion components are listed in Table 4-6. A 
multicomponent adsorption breakthrough curve using a filtered matrix of anaerobic 
sludge is compared to a phosphate adsorption breakthrough curve (using pure 
NaH2PO4 solutions) in Fig. 4-6. The profile of breakthrough curves of Cl  and NO3
approximate to horizontal lines, indicating that almost no adsorption of these anions 
occurs through the column until it reaches the outlet. The breakthrough of SO4
started quite early; the breakthrough then proceeded rapidly until SO4  was 
exhausted at 6 h, indicating that the SO4  anion is a significantly less-preferred 
adsorbate on LDH adsorbent as compared to PO4 , and only a tiny amount of SO4
is adsorbed during the entire run. All of these observations were found to be 
consistent with the results of phosphate adsorption selectivity during the batch tests of 
our previous research and of other studies (Das,Patra, 2006, He et al, 2010). The 
breakthrough of PO4  occurred at approximately 3 h and tended to exhaust more 
gradually until complete exhaustion at approximately 72 h. The breakthrough point 
occurred earlier than we expected based on the assumption that the pure NaH2PO4
solution had the same phosphate concentration as in the actual anaerobic sludge 
filtrate, in which case the breakthrough time should be between 5.44 h (10 mg/L 
initial concentration) and 4.07 h (20 mg/L initial concentration) as listed in Table 4-1. 
The premature breakthrough is probably due to impurities, especially tiny suspended 
solids in the sludge filtrate that interfere with the mass transfer between liquid and 
solid phases (Cheng,Huang, 2010).  
Table 4-6 Characteristics of anaerobic sludge filtrate. 
Fig.  4-6 Breakthrough curves of various anions in anaerobic sludge filtrate 
(NO2 could not be detected). 
Phosphate adsorption/desorption and reusability 
Because reversible ion-exchange reactions are the most useful type, the exhausted 
Parameter Value 
pH 6.80 
SS (mg/L) 3.82 
COD (mg/L) 404.52 
NO2  (mg/L) 1.68 
NO3  (mg/L) 18.00 
Cl  (mg/L) 62.20 
SO4  (mg/L) 149.38 
PO4  (mg/L) 12.29 
bed is regenerated using an excess of presaturated ions. Recently, various alkaline 
solutions, salt solutions, and mixtures thereof have been used to achieve satisfactory 
desorption from calcined Mg3-Fe LDH (Kuzawa et al, 2006, Cheng,Huang, 2009, 
Chitrakar et al, 2010). In our previous study, a 1 M NaOH desorption solution was 
found to reach the highest desorption efficiency (76.4%), whereas a 0.1 M NaOH 
solution exhibited a very close desorption efficiency (73.4%). From an economic 
standpoint, a 0.1 M NaOH solution was used in this series of column tests. Fig. 4-7 
shows the results of the adsorption and desorption cycles, which were repeated up to 5 
times. The phosphate uptake in the first cycle was 24.64 mg-PO43-/g, and it gradually 
decreased to 13.52 mg-PO43-/g after 5 cycles, which is approximately 55% of initial 
phosphate adsorption capacity. The results indicate that increasing the number of 
adsorption cycles increase the destruction of the layered structure, leading to the 
capacity loss. On the other hand, the desorption rate was maintained at approximately 
50% even after 5 cycles, indicating that the adsorbent may be suitable for practical 
applications. I presume the reason for the insufficient desorption rate is the 
assumption that the initial adsorbed phosphate ions were bound through strong 
interactions within the layer or replaced by irreversible fouling in the LDHs 
(Anirudhan et al, 2006). 
Although it was confirmed that the adsorbent could still exhibit satisfactory 
phosphate adsorption capacity in an anaerobic sludge filtrate consisting of SO42-, NO3-, 
and Cl- in addition to PO43-, several important considerations should be taken in the 
design of LDH adsorption systems. 1) The supernatant from the anaerobic sludge 
filtrate contains medium suspended solids, which could foul the ion exchanger and 
cause potential clogging problems. Therefore, an economical pretreatment such as 
dual-media or multi-media filters would be required for a pilot application. 2) The 
further processing of recovered phosphate from phosphate-desorbed alkaline solution 
to useful finalized products such as calcium phosphate, hydroxyapatite, or magnesium 
ammonium phosphate need to be investigated, and the proper disposal of the restored 
desorption solution also needs to be addressed.   
Fig.  4-7 Phosphate uptake and reusability in cycle assays. 
In this study, the phosphate adsorption performance of calcined Mg3-Fe LDH 
adsorbent was investigated in a continuous fixed-bed column. The effects of bed 
height, flow rate, and initial phosphate concentration on the adsorption capacity and 
breakthrough curve profiles were investigated. It was found that an increase in bed 
height and initial phosphate concentration or a decrease of flow rate improves the 
adsorption capacity. The BDST model was found to satisfactorily predict the 
breakthrough curve up to 60% breakthrough at a 0.024 L/h flow rate and 10 mg/L 
initial phosphate concentration. The Clark model was found to be the most suitable 
for fitting experimental data with respect to various bed heights, flow rates, and initial 
phosphate concentration values, followed by the Thomas and Yoon-Nelson models (in 
decreasing order of suitability). It was found that applicability of this adsorbent to 
phosphate recovery from anaerobic sludge filtrate because of its good selectivity in a 




A novel calcined Mg3-Fe LDH was synthesized to investigate the phosphate 
adsorption performance. A high phosphate adsorption capacity, good adsorption 
selectivity and satisfactory desorption efficiency were found on batch experiments as 
well as the adsorption dynamic kinetics were approved to follow pseudo-second-order 
model and adsorption isotherms to follow Freundlich model. The breakthrough curves 
were used to describe the adsorption process of phosphate on this adsorbent on 
continuous experiments and were found that an increase in bed height and initial 
phosphate concentration or a decrease of flow rate improves the adsorption capacity. 
Furthermore, several models were introduced to fit the adsorption breakthrough 
curves, the results indicated that the BDST model was found to satisfactorily predict 
the breakthrough curve up to 60% breakthrough at a 0.024 L/h flow rate and 10 mg/L 
initial phosphate concentration, the Clark model was found to be the most suitable for 
fitting experimental data with respect to various bed heights, flow rates, and initial 
phosphate concentration values, followed by the Thomas and Yoon-Nelson models (in 
decreasing order of suitability). Finally, the adsorbent was applied to actual anaerobic 
sludge filtrate and proved to have good selectivity in a system of coexisting anions, 
high adsorption capacity, and acceptable reusability.   
Although it was confirmed that the adsorbent could still exhibit satisfactory 
phosphate adsorption capacity in an anaerobic sludge filtrate consisting of SO42-, NO3-, 
and Cl- in addition to PO43-, several important considerations should be taken in the 
design of LDH adsorption systems. 1) The supernatant from the anaerobic sludge 
filtrate contains medium suspended solids, which could foul the ion exchanger and 
cause potential clogging problems. Therefore, an economical pretreatment such as 
dual-media or multi-media filters would be required for a pilot application. 2) The 
further processing of recovered phosphate from phosphate-desorbed alkaline solution 
to useful finalized products such as calcium phosphate, hydroxyapatite, or magnesium 
ammonium phosphate need to be investigated, and the proper disposal of the restored 
desorption solution also needs to be addressed.  
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